Lysobacter enzymogenes produces an alkaline phosphatase which is secreted into the medium. The gene for the enzyme (phoA) was isolated from a recombinant lambda library. It was identified within a 4.4-kb EcoRI-BamHl fragment, and its sequence was determined by the chain termination method. The structural gene consists of an open reading frame which encodes a 539-amino-acid protein with a 29-residue signal sequence, followed by a 119-residue propeptide, the 281-residue mature phosphatase, and a 110-residue carboxy-terminal domain. The roles of the propeptide and the carboxy-terminal peptide remain to be determined. A molecular weight of 30,000 was determined for the mature enzyme from sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The amino acid sequence was compared with sequences available in the current protein data base, and a region of the sequence was found to show considerable homology with sequences in mammalian type 5 iron-containing purple acid phosphatases.
The secretion of proteins through the prokaryotic cell envelope has been a major subject of study over the past two decades. Early research concentrated mainly on secretion by gram-positive organisms, since it was presumed that gram-negative bacteria secrete few proteins. However, it is now clear that many gram-negative organisms are able to secrete proteins to the periplasm, the outer membrane, and the medium (14) . Extracellular proteins appear to cross the cytoplasmic membrane by a similar mechanism in grampositive and in gram-negative bacteria. They are synthesized as precursers with N-terminal signal sequences which are required for translocation through the cytoplasmic membrane. The signal peptide is subsequently cleaved by a peptidase to release the protein (26) . There appear to be different mechanisms for the secretion of extracellular proteins to the outer membrane and the extracellular milieu. The subject has been reviewed extensively (14, 22, 25, 26) . It is clear that more work is required to determine the factors involved in the correct targeting of extracellular proteins, especially in gram-negative bacteria.
Members of the genus Lysobacter are gram-negative, gliding bacteria which produce a number of extracellular enzymes. For references, see reference 40. Epstein and Wensink (7) have cloned and sequenced the gene for the 19.8-kDa a-lytic protease from Lysobacter enzymogenes. It codes for a polypeptide chain that is twice the size of the mature protease. It is synthesized with a propeptide which inhibits its activity until the enzyme is released from the cell (32) . Other microbial proteases also are synthesized with an N-terminal extension (25) .
The characterization and comparison of genes for extracellular enzymes from an organism such as L. enzymogenes might help to determine the mechanism of the targeting process. The organism produces two extracellular phosphatases. One, a 25-kDa enzyme, is secreted into the medium, and the other, a 69-kDa phosphatase, is associated with the outer membrane (39, 41) . This report describes the cloning and characterization of the gene for the 25-kDa, secreted phosphatase. The DNA sequence indicates that this * Corresponding author. enzyme is also synthesized as a much larger precursor which appears to be processed before the enzyme is released into the medium.
(A preliminary account of this work was presented in June 1990 at the Annual Meeting of the Canadian Society of Microbiologists, Calgary, Alberta, Canada.)
MATERIALS AND METHODS
Bacterial strains and vectors. L. enzymogenes ATCC 29487 was used as a source of alkaline phosphatase and genomic DNA. Escherichia coli LE392, JM83, and MV1193 were used for the production of a recombinant lambda phage library, for the isolation of pUC recombinants, and for production of single-stranded plasmid DNA, respectively. E. coli SMR10 was used to produce the phage packaging extract (28) , and X-DASH DNA was used to produce the phage library (34) . Recombinants were subcloned into either pUC118 or pUC119, and M13K07 helper phage was used for the generation of single-stranded phagemids (37 Media and culture conditions. Cultures of L. enzymogenes were maintained on 1% skim milk-1.5% agar. Cells were grown at 25°C for 18 h in 0.8% tryptone for enzyme produc-tion and, to minimize the production of nucleases, in 3% Trypticase soy broth for DNA isolation. E. coli cultures were maintained on 2x YT (1.6% tryptone, 1.0% yeast extract, 0.5% NaCi) with 1.5% agar and grown in 2x YT broth at 37°C for preparation of competent cells (23) . Transformed cells were grown at 37°C on 2x YT agar containing ampicillin (100 ,ug/ml). E. coli SMR10 was grown at 30°C on 2x YT agar and stored at 4°C. For recombinant lambda phage isolation, E. coli LE392 cells were grown in L broth (1.0% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose) prior to infection and poured onto L medium with 1.5% agar. L medium containing 0.6% agarose was used as an overlay. L medium supplemented with MgCl2 (10 mM) was used for large-scale production of X-DASH and recombinant phage. For the selection of recombinant plasmids, 5-bromo-4-chloro-3-indolylgalactoside (X-Gal) and isopropyl-p-Dthiogalactopyranoside (IPTG) were added to each transformation mixture prior to plating. Plasmid DNA was purified by the method of Bimboim and Doly (5) .
Purification of the phosphatase, determination of the N-terminal amino acid sequence, and carboxy-terminal sequencing. The phosphatase was purified according to the published method with minor modifications (39) . The purified phosphatase was subjected to CNBr cleavage (11, 13) . Two milligrams of phosphatase in 0.5 ml of 70% formic acid was reacted at room temperature with a 500-fold molar excess of CNBr for 18 h. After addition of 9.5 ml of deionized water, the sample was lyophilized. The CNBr fragments were separated on a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel (19) . N-terminal sequence analyses of the phosphatase and the CNBr fragments were carried out by the Tripartite Microanalytical Centre, University of Victoria, Victoria, British Columbia, Canada.
The carboxy terminus of the phosphatase was digested with carboxypeptidase P (2, 44) . Approximately 90 nmol (2. Oligonucleotide probes and primers. A probe based on the N-terminal sequence of the mature enzyme was synthesized by the Regional DNA Synthesis Laboratory at the University of Calgary, Calgary, Alberta, Canada. Subsequent oligonucleotide probes and primers were synthesized in our department, using an Applied Biosystems model 381A or 391 DNA synthesizer (Applied Biosystems, Inc., Foster City, Calif.).
Recombinant methods. Unless otherwise indicated, procedures were performed as described by Maniatis et al. (20) . L. enzymogenes DNA was digested with a variety of restriction endonucleases, and the products were fractionated by agarose gel electrophoresis and transferred to nylon membranes (27, 35) . The membranes were hybridized to end-labelled probes under stringent conditions, using 60% formamide at 45°C. For subsequent hybridizations of recombinant DNA, 50% formamide and 45°C were used.
A partial digest of L. enzymogenes DNA was prepared with MboI in order to obtain 12-to 20-kb fragments. These fragments were purified by sucrose gradient centrifugation. c The methionine residues for the CNBr fragments are inferred. d These two residues were reversed in the amino acid sequence analysis. This error may have occurred because the sequence for fragment 2 was a mixture and was deduced by subtraction of residues from fragment 1.
X-DASH DNA was digested with BamHI and XhoI, and the small fragments were separated from the phage arms by polyethylene glycol precipitation (17) . The partially digested genomic DNA was ligated with the phage arms and packaged, using an E. coli SMR10 extract to produce a phage library (28) . E. coli LE392 cells were infected with an appropriately diluted sample of the recombinant phage library, plated onto L-agar plates (22 by 22 cm), and then incubated overnight at 37°C. The plaques were lifted and transferred onto nylon membranes (3), and the membranes were hybridized as described above. Plaques that hybridized to the probe were selected, and the phage therein were purified. Subclones were prepared by using pUC118 or pUC119.
DNA sequencing and analysis. Phagemids were produced by superinfecting E. coli MV1193 cells harboring the desired recombinant plasmid with M13K07. They were grown in 2x YT containing ampicillin (100 ,ugIml) and kanamycin (75 ,g/ml) at 37°C for 16 h. Single-stranded DNA was isolated as described by Vieira and Messing (37) . The chain termination method was used to sequence the various clones, using [a-32P]dATP (30) . 7-Deaza-dGTP was substituted for dGTP in the sequencing mixes in order to minimize compressions. The reactions were separated on 6% denaturing polyacryl- amide gels (33) . For the initial sequencing reactions, the Klenow fragment of E. coli DNA polymerase was used. However, Sequenase or T7 DNA polymerase was used subsequently. Sequencing primers were synthesized as required to extend the sequence.
Primer extension. L. enzymogenes total RNA was isolated from phosphatase-producing stationary-phase cultures, using standard procedures. Approximately 80 ,ug of RNA was dissolved with 2.5 or 12.5 ng of 32P-end-labelled primer (5'-GTTCACTGGCTGTCTCC-3') in preparation for the extension reaction (6) . Products of the extension reaction were separated on a 6% denaturing polyacrylamide gel alongside a sequence ladder which utilized the identical primer.
Polymerase chain reaction. A region of the gene between nucleotide positions 287 and 1971 was amplified by using the upstream primer 5'-CAGTGAACCTCTCGCCCTCGCG CA-3' and the downstream primer 5'-CCGTCGCTCGAGGT CGAAGACAGC-3'. A XhoI site was engineered into the downstream primer to facilitate cloning. The polymerase chain reaction mixtures were incubated on a thermal cycler for 30 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 3 min (29) . A sample of the amplified DNA was labelled by the random primer method (8, 9) for use as a hybridization probe.
Sequence homology searches. Mail-Fasta (EMBL file server) (16) was used to search the current Swiss-Prot and PIR data bases for amino acid sequence similarities between the phosphatase and other proteins.
Nucleotide sequence accession number. The nucleotide sequence for the DNA encoding the secreted alkaline phosphatase has been assigned EMBL accession number X56656. RESULTS N-terminal amino acid analyses. The phosphatase was isolated, and its identity and purity were confirmed by SDS-polyacrylamide gel electrophoresis (PAGE) and by staining for phosphatase activity after electrophoresis on a nondenaturing gel (data not shown). The CNBr degradation yielded two fragments which were of similar size (Mr approximately 9,000) in addition to a fragment containing the N-terminal sequence of the mature protein. The amino acid sequences of the N termini of the mature enzyme and the two CNBr fragments are listed in Table 1 .
Lysobacter DNA has a G+C content of 68 to 70% (43) . Consequently, for construction of the oligonucleotide probe, G and C were used in the third position of the codons.
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sequence data accumulated, unique primers were synthesized to extend the sequence.
The nucleotide sequence is listed in Fig. 2 . The structural gene contains an open reading frame coding for a protein of 539 amino acids. The result of the primer extension reaction indicated that the transcription start site is at nucleotide position 263 (Fig. 2) . Six base pairs upstream from the GTG initiation codon is a GGAGA Shine-Dalgarno box for ribosome binding (31) . A 29-residue signal sequence is evident beginning at amino acid position -148. It contains one arginine followed by a hydrophobic core consisting mainly of leucines and alanines. The structure of the signal sequence was analyzed, and it was found that the probable cleavage site occurs between the two alanines at positions -120 and -119. A score of 13.1 was obtained, and the cleavage site conforms to the (-3,-l) rule (38) . There is a 119-residue N-terminal extension between the signal peptide and the beginning of the mature enzyme.
The region numbered +1 to +281 corresponds to the 11-'L2. inconclusive. The last amino acid of the mature phosphatase is thus predicted to be around Asn-281, plus or minus several residues. Since the stop codon is at position +392, the phosphatase appears to be synthesized with a 110-residue C-terminal peptide. The functions of the propeptide and the C-terminal peptide are unknown. Two inverted repeats are seen on the 3' side of the TGA stop codon. A small 6-bp inverted repeat with a 15-bp loop and a 13-bp inverted repeat with a 7-bp loop are located about 70 and 170 nucleotides from the termination codon, respectively. The latter is likely the transcriptional terminator. The N-terminal sequences of the two CNBr fragments also have been located within the gene, extending from positions +120 to + 129 and from positions +194 to +213, respectively.
A probe for the phosphatase gene was prepared by polymerase chain reaction as described in Materials and Methods and hybridized to restriction digests of L. enzymogenes genomic DNA (Fig. 3) . These results also indicate that the cloned gene corresponds to a single, uninterrupted DNA sequence.
Percent G+C analysis and codon usage. The nucleotide sequence was analyzed for open reading frames, restriction endonuclease cleavage sites, and amino acid codon usage (21) . The percent G+C content of each of the three codon positions was determined by a percent G+C analysis program (4) . The results are shown in Fig. 4 . The arrow indicates the coding region of the nucleotide sequence. Through this region, there are almost exclusively G's or C's in the third codon position. In the regions immediately flanking the gene, base selection is essentially random in all phases. These results support the boundaries of the open reading frame described in Fig. 2 .
Homologies to other known proteins. Searches for amino acid sequence homologies revealed that the Lysobacter secreted phosphatase shows significant similarities to purple, iron-containing acid phosphatases from mammalian sources such as porcine uterus, human macrophage, bone, and spleen, and bovine spleen (references 15 and 18 and references therein). The homologies between the enzymes of L. enzymogenes, bovine spleen, and human macrophage (Fig. 5 ) reveal an identity of greater than 30% over a 70-amino-acid overlap.
So far, little attention has been given to the purplish color of the Lysobacter phosphatase, which is noticeable at fairly high concentrations of the purified enzyme. However, the similarity of the enzyme to the mammalian proteins in color and amino acid sequence may indicate that the Lysobacter phosphatase is also an iron protein. This notion requires confirmation once more of the enzyme is available for study.
DISCUSSION
The nucleotide sequence of the gene for the secreted alkaline phosphatase from L. enzymogenes was determined. The molecular weight of the phosphatase was estimated to be approximately 30,000 by using slab gels (data not shown), as opposed to previous estimates of 25,000 with the use of tube gels (39) . The phosphatase migrated slightly behind one of the protein standards, carbonic anhydrase (molecular weight 28, 980 (Fig. 4) . The N-terminal amino acid sequences of the mature protein and the CNBr fragments (Table 1) agree well with the amino acid sequence deduced from the nucleotide sequence (Fig. 2) . From the DNA sequence, it is clear that the unidentified amino acids (positions 12 (1) .
Like other extracellular proteins, the phosphatase precursor has a signal peptide which is necessary for its translocation across the cytoplasmic membrane. The DNA sequence suggests further that the phosphatase contains both an N-terminal propeptide and a C-terminal amino acid extension. Most likely these are cleaved prior to secretion of the mature enzyme into the medium. So far, the only other report of an extracellular enzyme which is synthesized with an N-terminal and a C-terminal extension is the aqualysin I of Thermus aquaticus (36) . Both the phosphatase and the aqualysin I precursors have four functional domains in their prepropeptide structures. The sizes of the respective domains are similar except that the signal peptide of aqualysin I is much shorter than the signal peptide of the phosphatase.
Some information about the possible function of these propeptides has come mainly from work with other proteases. For instance, proteases A and B of Streptomyces griseus (12) and the a-lytic protease of L. enzymogenes (7) are synthesized with N-terminal extensions which are necessary for the folding of the precursor proteases into the active conformation (32) . In contrast, the immunoglobulin A protease precursor of Neiserria gonorrhoeae contains a very large C-terminal extension with two hydrophobic regions. It seems to be involved in the translocation of the protease through the outer membrane (24) . The C-terminal domains of the L. enzymogenes phosphatase and the aqualysin I of T. aquaticus are much smaller and relatively hydrophilic. Of interest also is the recent finding that an alteration of the C-terminal end of the E. coli phosphatase results in the secretion of the enzyme through the outer membrane (10) .
Thus, it is tempting to suggest that the N-terminal extension of the phosphatase could possibly inhibit the enzyme until translocation is complete and aid in the proper folding.
One might speculate that the C-terminal extension could be involved in targeting. Further experiments are required, however, to determine their functions. The phoA nucleotide sequence provides information which will be useful for future expression studies to determine the importance of different domains and their possible roles in secretion.
Expression studies have been initiated, but so far we have not been able to observe expression of the L. enzymogenes alkaline phosphatase gene in E. coli, in vivo or in vitro.
